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I. INTRODUCTION 
The breeding value of an individual may be estimated 
from any one or a combination of: a) the performance of 
its relatives, b) its own performance and c) the perfor­
mance of its progeny. Each of the sources of information 
has advantages and disadvantages. Information from 
ancestors is available early, but has a limited accuracy for 
estimating breeding values. Own performance is most 
directly related to the individual, but it may not be 
available early in life or not at all, as with milk produc­
tion in dairy cattle sires. The performance of an indi­
vidual's progeny may be the most accurate measure of breeding 
value, but can be limiting because of its timeliness. 
In dairy cattle, if interest is in milk production 
alone, individual performance of bulls does not exist. 
Estimates of breeding value of bulls, therefore, must be 
based on either female relative information or female progeny 
performance. 
The effectiveness of any selection program is a function 
of: a) the accuracy of the criterion for selection, BO the 
genetic variance, c) the selection differential and d) the 
generation interval. Accuracy can be increased by waiting 
for more observations (either more records or more progeny) 
and/or by paying the proper attention to information already 
available. Anything which makes the number of individuals 
from which to select larger or the number selected smaller 
will increase the selection differential. Waiting for 
additional information will lengthen the generation interval 
and increase the accuracy, while selecting on the basis of 
early information will shorten the generation interval, 
but decrease the accuracy. The genetic variance can be 
considered to be relatively constant over a small number 
of generations for traits such as miJ.k production in dairy 
cattle. Maximum genetic improvement can be obtained only 
by finding a proper balance between high accuracy, a large 
selection differential and a short generation interval. 
Selection of high quality bulls for use in artificial 
breeding represents not only a challenge to artificial 
breeding organizations, but also a responsibility. Much work 
has been done on the evaluation of bulls already in service. 
But evaluation methods, no matter how accurate, will not 
supply the bulls needed. This study will be concerned with 
the estimation of the breeding values of bulls from pedigree 
information, and a comparison of those estimates with the 
actual performance of the bulls in artificial breeding. An 
attempt will be made to account for the distribution of the 
records of the ancestors both in time and in space, by con­
sidering the effects of environmental correlations on the 
pedigree estimates of breeding value. 
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The genetic gain theoretically possible from several 
selection schemes will also be estimated. 
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II. REVIEW OF LITERATURE 
A pedigree as a predictor of the breeding value of an 
animal is biologically limited. Under conditions of random 
mating, the maximum correlation between a pedigree-based 
index and the subject's breeding value is /Ts (Lush, 1945). 
This may be increased slightly by inbreeding or assortive 
mating. In actual practice, Henderson (1964) gives 0.67 
as the practical upper limit to this correlation. The use­
fulness of a pedigree is not, therefore, its accuracy, but 
its timeliness. The earliest measure of the breeding value 
of an animal may be obtained even before the animal is born. 
It may, and in actual practice often does, form the basis 
for selection of a future animal's parents. 
A. Early Pedigree Studies 
The problem of selection of young bulls is an old one. 
Gowen (1925) correlated the performance of a bull's 
daughters with the performance of his sire's daughters. For 
365 day milk yield, this correlation was calculated to be 
.26. Gowen used 6 820 Guernsey Advanced Registry production 
records of 36 5 days in length. The records made nearest 
eight years of age were used and all records of less than 365 
days were omitted. Bulls were included in the study only if 
they had two or more tested daughters. 
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Madsen (1932) studied the milk records of the progeny of 
728 Red Danish Bulls. He estimated the correlation between 
the daughters of the bulls and various ancestors in the 
bull's pedigree. The daughters yields were based mainly 
on the average of their first two lactations, age corrected 
to a third lactation basis. Dams* and grandams' milking 
capacity were based on an average of 5.5 uncorrected lacta­
tions each. 
Copeland (19 34a) in a study of the pedigree of 729 Jersey 
sires, each with at least ten tested daughters, calculated 
the correlations that existed between the average uncorrected 
production of daughters of the bulls and different sets 
of relatives, each considered separately. He concluded 
that the paternal half-sisters of the bull were considerably 
more useful in predicting the production of the bull's 
daughters than the records of the dam alone. 
A similar approach was taken by Lush and Schultz (1938) 
using age corrected records from the Iowa Cow Testing 
Associations. They attempted to determine how closely the 
production of ancestors was related to the average production 
of the daughters and the average difference between daughters 
and dams. They concluded that the daughters of bulls selected 
on pedigree information would show only a small fraction of 
the apparent superiority of the ancestors. 
The correlation coefficients obtained by Copeland (1934a), 
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Madseri (1932) and Lush and Schultz (1938) are presented in 
Table 1, The correlations obtained by Copeland and by 
Madsen tend to be higher than those of Lush and Schultz. 
This may be due, in part, to the types of records included 
in the studies. 
Table 1. Correlations between the average production of a 
bull's daughters and that of his close relatives 
Bull's Côpèland MadSên LUSh and SchultZ 
Fat Milk Fat Fat Fat^ 
Paternal half-sibs .53 .26 .32 .02 -.01 
Dam .33 .17 .18 .24 -.06 
Maternal half-sibs .36 - - - -
Paternal grandsire's 
daughters .25 .20 .19 .06 .11 
Paternal grandam - .03 .06 .10 .23 
Maternal grandsire's 
daughters .43 .19 .26 - -
Maternal grandam - .11 .17 .03 -.01 
^Daughter-dam difference. 
Environmental correlations, non-random mating and management 
difference could introduce a bias in some of the correlations 
reported in these studies. 
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B. Index Approach to Pedigree Analysis 
The use of the selection index as an aid to pedigree 
evaluation came, after the basis for index construction was 
developed by Pearson (1897), with the introduction of 
multiple correlation. The first application of the selection 
index was in plant breeding by Smith (1936). Hazel (1943) 
introduced the technique in animal breeding. 
Numerous indexes have been developed for evaluating 
dairy cattle. Legates and Lush (19 54) developed an index for 
fat yield in Jersey cows. They included the: production 
records of the cow, her dam, her daughters and her paternal 
and maternal sisters. 
Several indexes were developed by Tabler and Touchberry 
(1955) to estimate the net worth of Jersey cows. These 
indexes included milk yield, fat yield and type in various 
combinations. 
Harvey and Lush (1952) constructed two indexes based on 
estimates of parameters from Jersey production records. Both 
of the indexes included the cow and her dam. Type and 
production information were considered of equal importance 
in one index. The other index gave type only one-third as 
much weight as production. 
Robertson (1959) derived a relatively easy method of 
evaluating dairy cattle pedigrees. He expressed all available 
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information in terms of a "standard progeny record". This 
approximate method was nearly as efficient as the usual 
method of computing the partial regression coefficients. 
Eastwood and Freeman (1968) describe an index currently 
being used to compute the E,A,TiA. (estimated Average 
Transmitting Ability) of cows in the Dairy Herd Improvement 
Association program in the nine states served by the Iowa 
central processing center. The sources of information 
included in the index are 1) all records of the cow, 2) 
all records of her dam, 3) all records on each of her 
paternal half-sistersf 4) all records on each of her daughters 
and 5) all records on each of her maternal sisters. 
Several theoretical solutions to index equations have 
been presented. Skjervold and Odegard (1959) derived 
formulae for calculating the weights to be applied to the 
different ancestors in a pedigree. The formulas are 
general and can be applied when differing amounts of infor­
mation are available. In a similar study. LeRoy (1958) set up 
a correlation matrix from which partial regression coeffi­
cients were computed for 18 different combinations of rela­
tives and own performance. Inbreeding within the pedigree is 
also taken into account. Young (1961) presented formulae for 
16 different combinations of information to estimate the 
breeding value of an individual. These included information 
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on the individual, on its progeny, its sire, its deun and 
its paternal half-sibs. Formulae are also given for the 
estimation of the correlation between the index and the 
breeding value. The relative efficiency of several of the 
combinations is also given. 
Cornstock (1948) gives a description of the method of 
selection indexes. Cochran (1951) describes many of the 
mathematical and statistical problems encountered in 
developing selection indexes. Lush (1961) lists the 
assumptions usually made in setting up indexes, with 
particular reference to dairy cattle. He also discusses 
the consequences when these assumptions are violated. 
Henderson (1963) shows that the selection index criterion 
will maximize the probability of selecting the better of two 
individuals regardless of whether equal information is 
available on the two individuals. 
In nearly all of the theoretical considerations of 
selection indexes, the variances of all records in the 
pedigree are assumed to be equal. Further, environmental 
or non-genetic covariances are assumed to be zero, labile 
these assumptions make the derivation of the indexes much 
easier, they may not accurately describe the situation. 
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C. Environmental Correlations 
The theoretical effects of environmental correlation have 
been demonstrated by Lush (1931 and 1935). With reference to 
the progeny test, he states; 
"any general resemblance between the offspring 
for any other reason than that they are half-sibs 
through the parent in question sets serious limits 
on the accuracy of the progeny test." (Lush, 1935, 
p. 18) 
He shows that the limiting value of the correlation betv/cen 
the breeding value of a bull and the average of single records 
of his daughters is dependent upon heritability and the 
environmental correlation existing among the progeny. 
When there is no environmental correlation and heritability 
is non zero, the correlation has a limit of one regardless of 
the magnitude of heritability. However, when an environmental 
correlation is present, the limit to the correlation is 
always somewhat less than one, and may be considerably below 
one; the exact magnitude depending upon the magnitude of the 
parameters. 
Lush and McGilliard (1955) discuss some of the possible 
sources of bias that may enter progeny tests. The greatest 
source of bias comes from environmental conditions which are 
identical for all of the daughters of a sire, but which vary 
from one sire to another. Some of the effects of dominance, 
epistasis, and interactions between heredity and environment 
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will also contribute to a bias, as will similarities in 
the breeding valuès of the mates of a sire. 
Bereskin and Lush (1965) estimated the breeding values 
of bulls using both deviated and non-deviated records, and 
the first available record and the average of all records 
for each daughter. They also computed two separate esti­
mates of the breeding value of the bull for each type 
and kind of record. Correlations v/erc computod betv/een 
the two estimates of breeding value, and compared with 
the correlations expected based on the number and kind of 
records included. When the distribution of records v;as 
very similar to conditions existing in idealized artificial 
breeding, the computed correlations were significantly 
smaller than the expected correlations. Use of deviated 
records only slightly reduced the difference between the 
correlations. The authors concluded that the differences 
were due, at least in part, to the presence of residual 
correlations between paternal half-sisters. 
Heidhues, VanVleck and Henderson (1961) studied the 
prediction of future daughter's production based on ten 
successive groups of ten daughters each and cumulative 
groups of 10, 20,.,.100 daughters. The production of the 
200 daughters making records after the first 100 was taken 
to be a measure of the true breeding value of the sire. 
No significant departures from the expected correlations 
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were found as would be the case if environmental correlations 
were important, 
A similar study by McDaniel and Corley (1965) using 
records of the progeny of 277 A. I. sires with at least 240 
first lactation records. They reported results similar to 
those found by Heidhues, VanVleck and Henderson (1961). 
VanVleck (1966) compared the actual and expected 
correlations between groups of artificially sired daughters 
separated by various time intervals. The correlations that 
were compared were computed three ways : 1) within groups, 
2) between groups separated by 8, 12, 24, 36, and 48 months, 
and 3) considering differing numbers of daughters in each 
group. There was no apparent pattern to the differences in 
correlations found, either over time or by size of daughter 
group studied. VanVleck concluded that environmental 
correlations are small or non-existant and are unimportant 
as a source of error in evaluation of sires in New York 
State. 
Plowman and McDaniel (1968) in a discussion of methods 
currently being used to estimate the breeding value of bulls 
by the United States Department of Agriculture show how the 
2 presence of a residual correlation (c ) among half-sibs in the 
same herd effect the regression of future progeny on initial 
progeny. Using values of .19 for heritability of single 
records and .14 for the residual correlation among half sibs. 
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(values currently being used by the U.S.D.A.) they illustrate 
the effect of number of daughters, number of herds, and 
the distribution of daughters among herds. This is shown in 
Table 2. 
Table 2. 
Number of 
daughters 
Regression of future progeny on initial progeny as 
affected by number of daughters, number of herds 
and the distribution of daughters among herds 
(Plowman and McDaniel, 1968) 
Number of daughters per herd 
10" 
Single 
herd 
No. 
herds b 
No. 
herds b 
No. 
herds b 
No. 
herds b 
5 5 .200 1 .136 1 .136 
10 10 .333 2 .239 1 .177 .177 
15 15 .429 3 .321 - 1 .197 
20 20 .500 4 .386 2 .301 .209 
25 25 .556 5 .440 - - 1 .216 
30 30 .600 6 .486 3 .392 1 .221 
40 40 .667 8 .557 4 .463 1 .229 
50 50 .714 10 .612 5 .518 1 .233 
70 70 .778 14 .688 7 .601 1 .239 
100 100 .833 20 .759 10 .683 1 .243 
200 200 .909 40 .863 20 .812 1 .248 
Equal number of daughters in each herd. 
D. Deviation Records 
The use of deviations from a subclass average is a 
commonly used method to remove the effects of that 
particular subclass. According to Johansson (1961), the 
concept of comparing the record of a cow with the records of 
other cows calving in the same herd and period of time was 
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first proposed by Peters in Germany in 1913. Consideration 
of the herd average, or the average yield of stablemates, in 
the estimation o£ relative breeding values has been 
further elaborated in Great Britain, Sweden, New Zealand 
and the United States. A description of the procedures 
used in various countries is described by Johansson (1960) 
and by Searle (1964). VanVleck, Heidhues and Henderson 
(1961) present a disnussion of records deviated from different 
subclass averages. They consider the herd average, stablemate 
average (herd average excluding the record of the cow), 
adjusted stablemate average and the regressed adjusted 
stablemate average. 
The choice of an appropriate subclass average is an 
important one. The herd average includes the record of 
the cow with which it is to be compared. VanVleck, Heidhues 
and Henderson (1961) have shown that use of the herd 
average will result in biased rankings of sire effects. 
Gaunt and Legates (1958) suggested excluding the record of 
the cow that is to be evaluated and the records of her 
paternal half-sibs. Bereskin and Hazel (1962) found that 
correlations between separate proofs of a bull when records 
were expressed as deviations from stablemates averages that 
did not include the cow or her paternal half-sibs were higher 
than deviations which excluded only the cow's record. 
Henderson, Carter and Godfrey (1954) proposed the 
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adjusted and the regressed adjusted herdmate averages, 
These are described in detail by Heidhues/ VanVleck and 
Henderson (1961). The adjusted herdmate average is an 
estimate of the "true" stablemate average, the adjustment 
accounting for random variation. If the adjusted herdmate 
average is used, it must be assumed the differences between 
herds are entirely environmental. Genetic differences 
between herds are accounted for in the regressed adjusted 
stablemate average. This is done by multiplying the adjusted 
stablemate average by the regression of the daughters' 
deviation on the adjusted stablemate average. 
The effect of trends, both genetic and environmental, 
and the effect of season of calving may be eliminated or 
reduced by computing herdmate averages on a contemporary 
basis. The characteristics of a desirable seasonal desig­
nation are given by Bereskin and Freeman (1961). They are; 
1) the greatest possible variance due to seasons, 2) the 
least possible variance due to months within seasons, 3) the 
least possible herd x season and herd x month within season 
interactions, 5) the least possible residual variance, 
6) the largest number of cows within each herd-year-season 
subgroup, and 7) be applicable to systematic operational 
procedures. It is doubtful if any one seasonal grouping 
would possess all of these characteristics. As a consequence, 
there have been many different groupings proposed. 
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The following are some of the used or proposed seasonal 
groupings. 
1. One season per year, as used in the British 
system of sire evaluation. This ignores the 
effect of season of calving, or assumes that 
it is unimportant (Johansson, 1961). 
2. Two seasons per year, either six months each or a 
division into a five month and a seven month 
season. Using Iowa data, Bereskin and Freeman 
(1965a) concluded that one seven month season 
(October through April) and one five month season 
(May through September) best fit the criteria for 
good seasonal designation, Corley et al. (1963) 
used two six months seasons (March through August 
and September through February) with Wisconsin 
data. Tucker, et al, (1960) with data from North 
Carolina also used two six months seasons (June 
through November and December through May), 
3, Three seasons per year, as used in New York State, 
They use seasons defined as April through July, 
August through November and December through March, 
(VanVleck and Henderson, 1961), 
4, Four calendar seasons. The USDA used this seasonal 
division and combined the groups in sets of two 
with the month of calving of the cow as near the 
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center as possible. (VànVleck, 1962). 
5. Rolling season centered around the month of 
calving of the cow in question. Gaunt/ Bartlett 
and Cornstock (1964) recommend using a seven month 
rolling herdmate average. The USDA is currently 
using a five-month moving season (Miller, 1962). 
Bereskin and Hazel (1962) found that the rolling five 
mouch Bêascin and fixed seasons were about equally effective 
in removing the effects of season of calving. The use of a 
rolling average permits uniform handling of records from 
different areas of the country. Further herdmate comparisons 
could be made each month rather than being forced to wait 
till the end of a fixed season. 
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III. SOURCE AND ADJUSTMENT OF DATA 
The data for this study were obtained from The 
Holstein-Friesian Association of America, A portion of 
these data were previously used by Tucker and Legates (1965) 
who set the following requirements for the inclusion of 
herds into the file. 
1. The herd must have been on test continuously 
from 1952 to 1959. 
2. The herd must have completed a minimum of 20 
complete lactations per year. 
3. Each herd must have proven at least one sire as 
reported in Volume 14 and/or 15 of Holstein-
Friesian Type and Production Year Book, 
4. Herds having a combination of two and three times a 
day milking were excluded to eliminate a source 
of differential treatment within a herd. 
5. College herds were not included since their records 
may have been influenced by research studies. 
A total of 450 herds distributed over 38 states met the 
requirements listed above. These herds contained 62,389 cows 
with a combined total of 158,336 records. Starting dates of 
records included were from March 1952 through April 1961, 
All records were standardized to a 305 day, two-times a 
day milking, mature equivalent basis. Some herds were milked 
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three times a day. These were converted to a twice-a-day 
basis using conversion factors by Kendrick (1955). Records 
of less than 305 days which were reported as incomplete 
were extended using Holstein-Friesian Association (1955) 
factors. Mature equivalent factors of Kendrick (1955) 
were used to convert all of the records to a constant age 
basis. 
According to Lush (19 45) correcting for environmental 
effects may be accomplished by either physical control of 
the environment or by statistical correction of individual 
records. Physical standardization can never be perfect and 
may be impractical and extremely expensive. 
The Danish progeny testing system is an example of 
attempts to control environmental conditions in dairy 
cattle. Touchberry and Rottensten (1958) estimated the 
correlation between test station results and records from 
farmer herds at 0.16. This is even lower than the correla­
tions found between natural service progeny tests and A. I. 
progeny tests based on similar or a smaller number of 
daughters. (Meek and VanVleck, 1964; Carter et , 1956; 
Gaunt and Legates, 1958). 
Statistical control is relatively easy to perform and 
will, on the average, correct records for particular 
environmental effects. The use of inaccurate correction 
factors may actually introduce errors. But if the corrections 
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are more often right than wrong, more environmental variance 
is removed than any other source of variation. Therefore, a 
smaller fraction of unwanted environmental variance will re­
main in corrected or adjusted records. 
Correcting records to account for the differences 
caused by the number of times cows are milked daily allows a 
more equitable comparison between the records. Various 
investigators have studiod the effect of frequency of 
milking on total lactation production. (Madden, et a^., 
1959; Ludwin, 1942; Norton, 1932; Woodward, 1931; Copeland, 
1934b). 
Kendrick (1955) states that, on the average, a two 
year old cow will produce approximately 20 per cent more 
milk if she is milked three times a day rather than twice 
a day. Similar figures for other ages and frequencies 
of milking are presented in Table 3. 
Table 3. Effect of frequency of milking on total lactation 
production (Kendrick, 1955) 
Act Times milked daily 
2 
3 
4 and over 
1.00 
1.00 
1.00 
1.20 
1.17 
1.15 
1.35 
1.30 
1.26 
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Correcting records for age at calving is an attempt to 
express what the COWS Would produce if milked at a specific 
age in an environment identical to the one in which she was 
milked. The most commonly used method in the United States 
is to correct to a mature age or about six to eight years, in 
most breeds. Another method is to adjust production to a 
first lactation basis. This method is used chiefly in 
European countries and is describnd by Johansson (1961). 
Stone, Rennie and Raithby (1955) briefly describe the 
Canadian system of Breed Class Averages that is used as a 
method to age correct records. This method expresses 
production as a percentage of the average production of 
all other cows on the population of the same age. 
Using records of 305 days has been standard practice 
since adopted by the American Dairy Science Association in 
1935 (Kendrick, 19 35). This standardization materially 
reduces the effect of variation in lactation length. It 
also closely represents the actual length of time cows are 
normally milked between calvings. Only the production from 
the first 305 days of a lactation is used. If the lactation 
is shorter than 305 days and is incomplete, for reasons other 
than the cow going dry, the record is extended. That is, it 
is adjusted by. a fraction of her previous production based on 
what an "average" cow would be expected to produce from the 
incomplete date to 305 days. 
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Recently much emphasis has been placed on extension 
factors due to the possibility of using partial lactation 
records to estimate the breeding value of sires. AlsOr 
many D.H.I,A, records processing centers extend records in 
progress'to 305 days to aid the dairyman in culling of cows. 
Smith and Legates (1962) have developed correction 
factors for length of service period or days open. In 
their study, number of days open accounted for 6.5 per 
cent of the total variation in 305 day milk yield for first 
lactation Holsteins. Factors to adjust for other effects 
have been proposed but none have gained any widespread 
acceptance. 
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IV. DERIVATION OF THE INDEX 
The proper amount of attention to pay to each ancestor 
depends on; 1) the relationship of each individual in the 
pedigree to the subject, 2) the amount of information on 
each animal, and 3) the presence or absence of other 
ancestors in the pedigree. In general, the closer the 
relationship of an ancestor to the subject, the more 
weight its records should receive. 
If information from an ancestor is missing, animals 
related to the "missing ancestor" should receive more 
attention. For example, a grandparent would receive 
little attention if the intervening individual is present. 
If, however, the intervening individual has no records, 
the grandparent would command more attention. The amount 
and kind of information available also helps to determine 
the appropriate weight to apply to a given ancestor. Thus, 
an ancestor with two records would receive more weight 
than an ancestor with only one (if repeatability is less 
than one), three more than two, etc. 
The ancestors chosen to be included in the index for a 
sire with no daughters (or in this case, not using his 
daughters) were: 1) paternal half-sisters, 2) dam, 3) 
maternal half-sisters, 4) paternal half-sisters of the sire, 
5) paternal grandam, 6) maternal half-sisters of the sire, 
7) paternal half-sisters of the dam, 8) maternal grandam, and 
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9) maternal half-sisters of the dam. 
It was assumed that there were no full sibs in the 
pedigree. That is, a full sib was treated as two half 
sibs, one maternal and one paternal. Sundaresan and Freeman 
(1961) found that about seven percent of the cows were 
full-sibs in a study of 12 state owned herds in Iowa. 
Flock (1964), using Iowa data, found that about 1.5 
percent of the cows calving in a herd-year-season were 
full-sib pairs. Three times this figure, or about five 
percent, would give a rough estimate of the fraction of 
cows with a full sister. Although one full-sib does not 
contain as much information as one maternal and one paternal 
half-sib, the loss of accuracy is small compared to the 
saving in extra computational time. 
It was also assumed that each paternal half-sib was out 
of a different dam and each maternal half-sib was by a 
different sire. This may be nearly true in the case of 
paternal half-sibs of A. I. sires which are used widely. 
For a bull used in one or a few herds, the assumption will 
not be far off if the bull was used for not more than one 
or possibly two years. Whether the maternal half-sibs are 
all by different sires depends a great deal on the breeding 
policy of the individual breeder. 
The phenotypic values in the pedigree of a bull that 
were used in the index were; 1) the mean of n^^ paternal 
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half-sisters, denoted as X^; 2) the mean of records on 
thé dam, denoted as Xg: 3) the mean of single records of n^ 
maternal half sisters, X^; 4) the mean of single records of 
n^ paternal half-sisters of the sire, X^; 5) the mean of m^ 
records on the paternal grandam, Xg; 6) the mean of single 
records of n^ maternal half-sisters of the sire, Xg; 
7) the mean of single records of n^ paternal half-sisters 
of the dam, 8) the mean of records on the maternal / O 
grandam, Xg; and 9) the mean of single records of n^ 
maternal half-sisters of the dam, X^. 
From these observed phenotypic means, X^^ through Xg; 
it is desired to predict the breeding value of the bull. In 
other words, an index is wanted of the form; 
I = b^X^ + bgXg + ... + bgXg, 
where I is an estimate of the breeding value (G) of the 
bull, X^ is the observed phenotypic mean of the i^^ 
ancestor(s), and the b's are the appropriate weights to 
apply to each group. 
Of the infinity of such linear functions, the best 
one is wanted. In this case, it is logical that to choose 
as the best, the linear function that will maximize the 
correlation between I and G. By differentiating 
12 12 
log Oçj. - jloga^ - jloga^ with respect to b^, b^, ... bg, 
and equating the partial derivatives to zero the values of 
the b's can be obtained which will maximize 
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and 
Noting that 
^GI - ^2^X-G "*• ^9°XQG' 
1 2 y 
"l = + ... + , 
then the following equations in the b's are obtained: 
^1°X^ •*" * bg^X^Xg Ox^G Ogj 
2 
"l^Xj + Vxj + = %G ^  
: 2 (,2 
^I'^X^Xg bgOx^Xg ••• bgOxg = OxgG ^  (1) 
GI 
2 
It can be shown that a^ , when the index equations are 
2 
obtained by minimizing E(I-G) . Thus, the above equations 
2 
with <?j/Oqj deleted will determine the b's which will maximize 
r^J. Then : 
•GI = =11-7' Since ^GI = ^I 
I G g 
fiv 
'I 
Henderson (1963) has shown that, in addition to maximizing 
the correlation between G and I, an index constructed in this 
way will also have the following properties. 
1) It will maximize genetic progress. The expected 
genetic progress per generation is r^^ g a^. For any given 
population and intensity of selection, ^ is relatively 
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constant. Therefore, maximizing r^^ will also maximize 
genetic progress. 
2) It will minimize E(I-G)By differentiating 
2 
E(I-G) with respect to the b*s and equating the partial 
derivatives to zero, Equations 1 are obtained. 
3) It will maximize the probability of selecting the 
better of two individuals, regardless of the amount of 
information available. 
4) The selection index procedure will estimate G as 
the average value of G's that are associated with phenotypes 
equal to those on the individuals being indexed. The 
2 2 
variance of the estimate is (1-r . 
The assumptions concerning linearity, normally 
distributed variables, dominance, epistasis, overdominance, 
etc. regularly made in deriving indexes are described in 
detail by Lush (1961). 
A lactation record of any cow will be represented by 
the following model: 
"ijklm = U + a. + h. + 
where, 
^ijklm the m^^ record of the 1^^ cow, by the 
sire, made in the herd and started in the 
. th 1 year-season, 
y is the population mean, 
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is an effect conunon to all records Started in the 
i year-season, 
hj is an effect common to all records made in the 
herd, 
Sj^ is an effect common to all records made by daughters 
of the sire, 
*^jkl effect common to all records of the 1^^ cow, 
by the k^^ sire, made in the herd (1=1, 2 , . . . . ,  
n^jk), and 
®ijklm effect peculiar to the m^^ record of the 
1^^ cow, by the k^^ sire, made in the herd, and 
started in the i^^ year-season (m=l,2,...,njk^). 
The year-season, herd, sire, and cow effects are 
assumed to be random and distributed with means equal to 
2 2 2 2 
zero and variances a^, a^, a^, and o^, respectively. 
These effects are assumed to be independent. The are 
assumed to be normally distributed with a mean of zero and a 
2 
variance a , a , is assumed to be equal to 
®ijklm ®ij'k'lm 
zero for all k not equal to k' and/or j not equal to j•. 
In the case k=k' and j=j', o , is assumed to be 
2 2 2 ®ijklm ijklm 
equal to p a^, where p is the environmental correlation 
between half-sibs calving in the same herd. 
It is assumed that a cow makes all her records in one 
herd. The mean of all of the records of a cow would be: 
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"jkl. ' " + "i + "k + «jkl ' 
with expected value; 
= W + hj + 5% + djki 
and variance: 
^'^.1 = iTjj =: + "h + + "d + KT;;^ ' 
which is equal to 
1 + (n^ki-llr 
V[?ijklml [ 1 ' '2' 
where r (the repeatability of single records) is equal to • 
If only first lactations of daughters of sires are 
considered, the subscript "m" will have a constant value 
of one. The average of first lactations of all daughters of 
a particular sire, say sire k' will be; 
^ k' ~ n ^ ^iik'l 
*• "..k' ijl ^ 
E  a .  E h .  
i-/jk'l ,L®ljk'lm 
+ ±jl= + Liz 
n ^ I ^ If I 
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which has expected value: 
= W + Sk' -
When the variance of the mean of records of a cow was 
considered, it was assumed that all of these records were 
made in the same herd. Also, a cow can't have more than one 
record in any one year-season. However, the distribution of 
records of half-sisters will not be so restricted as to 
herds and year-seasons. The records of any two half-sisters 
will fall into one of the following classifications: 1) 
same herd and same year°season, 2} same herd but different 
year-seasons, 3) different herds but same year-season or 
4) different herds and different year-seasons. In addition 
2 to the sire component, o^, half-sibs in the same year-
2 
season will have a year-season component, o^, in common. 
2 
For half-sibs in the same herd, a herd component, will be 
2 2 included in the covariance term. In addition, a p term 
will be included for half-sibs in the same herd. These 
situations are summarized in Table 4. 
Table 4. Components of covariance for paternal half-sibs in 
the same and different herds and year-seasons 
Herds Year-seasons Components of covariance 
2 2 5 5~2 
same same o + o + o. + p o 
s a h e 
2 2 2 2 
same different + a, + p 
s h e 
2 2 different same a_ + o 
2 
different different ^s 
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The covariance comporientp^agWoùid, by its definition, 
contribute only to the covariance among half-sibs when 
they are in the same herd. Thus, it would not appear in the 
covariance between half-sibs if different herds whether 
or not they calve in the same year-season. 
The variance of a paternal half-sib mean can then be 
shown to be equal to; , ,. 
4 + (n , ,-l)h'^ + 4EZ ^ (s+p^) 
' ' IT " k I 
I 4n^ ,, • 
# # K 
4 £,£ L ,j,î z )'"ljk-'"'lj'k-' 
i i i' n . , iy j' n . , 
ifi' ' * j?^j' ^ 
4"..k' 
(w) 
-] 
(3) 
where 
2 
h = + »h + °s + °a + "e'-
s = 1°: + + og + 0; + + °e), 
t = a^/(al + + 0^ + 2 Og), and 
w = 0^/(0^ + 
<x a + *d + 
If all half-sibs are in different herds and different 
year-seasons, Equation 3 reduces to 
4+{n ..-Dh^ 
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The same variance will also hold for maternal half-sibs. 
This will be the case if each of the daughters are sired by a 
different bull and maternal effects are non-existant. 
Covariances between means of records, (Xg»Xg..), 
between progeny group means (x^fx^,.«.), and between a mean 
of records and a progeny group mean (x^+xg,...) can be shown 
to be equal to 
+ w) (4) 
*1*2 
where; 
^12 ~ the numerator of Wright's (1922) coefficient of 
relationship, 
n^ = the number of records (or progeny) in group 1, 
ng = the number of records (or progeny) in group 2, 
n.._., = the number of cases that the records in 
li-i fj-j / 
group 1 and group 2 occur in the same herd and 
year-season, 
= E£ 
n(i^i, j=ji) ~ the number of cases that the records 
occur in the same herd but different year-seasons, 
= Z(Z Z ) (n. .. ) (n.) 
j i i' 1]*! ^ 3*2 
ifi' 
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n . . - . ,  . , . =  t h e  n u m b e r  o f  c a s e s  t h a t  t h e  r e c o r d s  (1-1 ,]F] } 
occur in the same year-seasons, but in 
different herds and 
2 h , Sf t, and w are as defined previously. 
If all records were started in different herds and in 
different year seasons, the covariances would reduce to: 
For an example of the effect of environmental correlations 
on the variances and covariances used in the index, consider 
the following hypothetical case. The pedigree information 
available consists of six paternal half-sisters, each 
with one record, one maternal half-sister with one record, 
and the dam with one record. The dam makes her record 
in Herd 1 and Year-season 2. The maternal half-sister also 
makes her record in Herd 1 but in Year-season 3. The 
records of the six paternal half-sisters are distributed 
as follows: 
Number 1 
Number 2 
Number 3 
Number 4 
Number 5 
Number 6 
Herd 1 
Herd 1 
Herd 2 
Herd 2 
Herd 3 
Herd 3 
Year-season 1 
Year-season 2 
Year-season 1 
Year-season 3 
Year-season 3 
Year-season 3 
The variance of the paternal half-sib mean is, from 
Equation 3; 
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wfA/ vr4+5h^+4 (2/6) (s+p^)+4(4/6) (t+p2)+4 (6/6) (W)V 
4(6) ^ 
From Equation 2 ,  the variances of the dam and the maternal 
half-sister are both 
The covariance between the paternal half-sisters and 
the dam is from Equation 4 
V[Yijj.i_J[Q + (1/6) (s) + (1/6) (t) + (0)(w)] 
The covariance between the paternal half-sisters and the 
maternal half-sister is; 
VlYijkirjj] [0 + (0) (s) + (2/6) (t) + (3/6) (w)] 
The covariance between the dam and the maternal half-sister 
is then: 
VtYijk^^] [(l/2)h^ + (0)(s) + (l)(t) + (0)(w)] 
The herdmate average for any cow was computed as the 
average of all non-paternally related cows calving in the 
same herd and year-season. A rolling five-month herdmate 
average was used as the herdmate average for each cow. That 
is y records of all cows, except the cow in question and 
her paternal half-sisters, calving in the same herd and 
within the five months centered on the month the cow calved, 
are included in the herdmate average. 
For a daughter of the sire, in the herd and the 
i^^ year-season, the herdmate average would be: 
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H ijk' Z n. n:.-n. . 
Mk' 
ijk "ij-"ijk' 
The subscript "m" has no real meaning in this context 
because a cow may have only one lactation in a particular 
year-season, n... is the number of daughters of the 
xj K 
sire calving in the herd and i^^ year-season. 
The adjusted herdmate average (AH.was calculated as 
suggested by Ileidhues, et al. (1961) as: 
13. i]k' 
which is equal to 
" A' 
"ij.'^iik'+l 
Each record was expressed as a deviation from its 
respective adjusted herdmate average, or: 
^ijk'lm ~ ^ ijk'lm ~ ^ ijk' 
which can also be written as: 
^ ^"^iik^ ^ k 
ijk'lm j k n. .,-n. .,^,+1 
jk'l n^j,-n^jj^,+l ijk'lm n^j.-n^j^.+l 
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A lactation record, expressed as a deviation from its 
herdmate average may then be represented by the following 
model: 
Oijk'lm = "* + ^ *i ^ + a», -f 
where 
U* = [o]y = 0, 
a| = [ola^ = 0, 
=k'  ®k' - rîT^j^,'"ljk'=k ' 
"jk'l = «jk'l- ^ ^ jkl' 
®ijk'lm ~ ®ijk'lm" n^^ ^-n^jj^,+l ^ ®ijklm 
p, a^, hj, Sj^, ^jkl ®ijklm defined previously. 
Although deviation records are expected to have a mean 
of zero and the expected value of the year-season effect, 
is zero, they were included in the model. If sampling, 
selection among the cows and imperfect corrections made 
the mean different from zero, including it in the model will 
allow for removal of any variance due to its not being zero. 
The same arguments apply for the inclusion of the year-
season effect. Further, including the year-season eff^t 
37 
allows a check on the effectiyeness of deviating records 
to remove the between herds variance, A final advantage 
for including the mean and year-season effect is that the 
same analyses may be used for both deviation and non-
deviation date. Bereskin and Freeman (1965b) found that 
with Iowa data about 20-25 percent of the herd year-season 
variance remained when records were expressed as deviation 
from their respective herd-year and season subclass. 
However, Spike (1968) and in a study of the monthly 
yields of milk and milk constituents and Andrus (1968) 
in a study of age distribution and culling practices, both 
found that deviating records from herdmate averages 
effectively removed all of the variation due to differences 
among herds. 
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V. ESTIMATION OF PARAMETERS 
A, Genetic Parameters 
Two genetic parameters, heritability and repeatability, 
are required to obtain solutions to the set of index 
equations. 
Heritability was estimated from a between and within 
sire analysis of variance using both mature-equivalent and 
deviated data. The following model was assumed for the 
estimation of heritability: 
= u + s^ + e^j, 
where Y^j is the record of the daughter of the i^^ 
sire, 
u is an effect common to all observations in the 
population, 
s^ is the effect of the i sire, and 
e.. is a random effect associated with the 
1 J 
daughter of the i^^ sire. 
Estimates of heritability were obtained from the 
following analysis of variance. 
Source of variation df E(M.S.) ^ 
between sires s-1 a + —r[n..-E ]a 
e S""! ^ n«« s 
2 
within sires n..-s o 
e 
Total n..-l 
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where heritability is defined as; 
h2=:4,^^i 
The variances of the intra-class correlations were 
calculated by the following approximation of Swiger, et 
(1964); 
Vf p x  =  2[1 + (k-l)t]2(l.t)2(N-l) 
k^(N-S) (S-1) 
where S is the number of sires, 
t is the intra-class correlation, 
k is the coefficient of the sire component of variance, 
[n- - ^  n.. ] ' 
N is the total number of observations. 
Since heritability is defined as four times the intra-
class correlation, the variance of the estimate of 
heritability would be 16 times the variance of the intra-
class correlation. The standard error of the estimate of 
heritability is then 
= 4/V(t) 
Sire groups were excluded from the analyses when they 
had less than five daughters, or daughters in less than five 
herds. Furthermore only one daughter per herd was included 
in the analyses and only first lactations were included. 
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Since the records were not previously numbered by lactations, 
a record was considered to be a first lactation record if 
the cow was from 20 to 35 months of age at the time of 
first calving. Cows that freshened at less than 20 
months of age or cows that did not have a record with a 
fresh date in the range of 20 to 35 months were not in­
cluded in the analyses. 
The results of the analyses for both mature equivalent 
and deviation records are given in Table 5. 
The heritability values of 0.338 and 0.358 obtained 
in these analyses are a little higher than generally found 
in the literature. Blanchard, et a^. (1965) , using Iowa 
D.H.I.A, Holstein data, obtained an estimate of the 
heritability of deviation milk yield of 0.29. In his 
paternal half-sib estimate he made the restriction that 
each sire have at least three daughters. VanVleck and 
Bradford (1965) estimated heritability at 0.24 for deviation 
milk. Their estimate was made using 20,850 first lactation 
records from Holsteins in New York State collected from 1950 
through 19 63. 
Butcher (1965) estimated the heritability of first 
lactation milk yield from paternal half-sib correlations 
using Iowa D.H.I.A. data and California data. He obtained 
values of 0.279 and 0.382 for the two sets of data, 
respectively. When he restricted the Iowa data to only the 
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daughters of sires used in at least four herds, the estimate 
for first lactation deviation milk was 0.377. 
The above estimates of heritability were made using 
field data from all cows. The data used in this study 
were all registered Holstein cows. Further, the cows 
were located in herds that had "proven" a bull. It is 
possible that these herds are all managed more nearly 
alike- If this is the case, estimates of heritability are 
likely to be somewhat higher due to a relatively smaller 
environmental variance in the population. 
The following model was used to estimate repeatability; 
+ =i + ®ij' 
where Y^j is the record of the i^^ cow, 
u is an effect common to all observations in the 
population, 
c^ is the effect of the i^^ cow, and 
e^j is a random effect associated with the j 
record of the i*"^ cow. 
Estimates of repeatability were obtained from a between 
and within cow analysis of variance similar to that for 
heritability. Repeatability as measured by the intra-class 
correlation is defined as: 
"c * "e 
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Table 5. Analysis of variance - heritability estimates 
Mature-equivalent records 
Source of variation d.f. M. S .  E ( . m, . S . )  
Between sires 214 131,548.5 + 8.87 
Within sires 1696 67,311.4 
Total 1910 
Og = 67,311.4 
0^ = 7,242.1 = 0.338 + 0.108 
s — 
Deviation records 
Source Of variation d.f. M.S. E(M.S.) 
Between sires 214 94,961.5 + 3.87 0^ 
Within sires 1696 50,688.6 
Total 1910 
Og = 50,688.6 
6 = 4,991.1 R + 0.358 + 0.108 
s — 
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The procedure described earlier was used to determine 
if a record was a first lactation. All cows with a first 
lactation thus determined were included in the analyses 
even if there was no second lactation available. 
The analyses and the estimates of repeatability and 
their standard errors are presented in Table 6. 
As with heritability, the repeatability estimates found 
in this study are somewhat higher than generally cited in 
the literature. This is particularly true for mature-
equivalent records. 
Bereskin and Freeman (1965a) estimated the repeatability 
of milk yield using 16,373 cows with 24,830 records taken 
from Iowa D.H.I.A. data. Only those herds with ten or more 
records starting in at least three different year-seasons 
were included. The intra-class correlations among records 
of a cow were 0.468 and 0.505 for mature-equivalent 
and deviation milk yield respectively. 
Butcher (1965) computed the correlation between first 
and second lactations of Holstein cows using a between and 
within cow analysis for data from Iowa and California. His 
estimates of repeatability were 0.49 and 0.56 in the Iowa 
and California data respectively. Cows with first lactation 
records were included in the analyses whether or not a 
second record was present. The Iowa data contained 26,295 
cows with 42,524 records. The California data contained 
33,299 cows with 49,624 records. 
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Table 6, Analysis of variance - repeatability estimates 
Mature-equivalent records 
Source of variation d.f. M.S. B: (M.S. ) 
Between cows 39,872 114,004.8 + 1.65 
Within cows 26,078 30,586.9 
Total 65,950 
It <
D
 
30, 596.9 
CO
 
O
 
to
 
II 50, 433.3 Î = 0.622 + 0.004 
Deviation records 
Source of variation d.f. M.S. E(M.S.) 
Between cows 39,872 80,166.1 + 1.65 
Within cows 26,078 30,131.5 
Total 65,950 
30, 131.5 
W
 
o
 
250.3 e = 0.501 + 0.005 
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B. Environmental Correlations 
The environmental corrélations, s, t, and w were 
estimated as the intra-class correlations derived from a 
between and within herd-year-season, herd and year-season 
analysis of variance, respectively. Separate analyses were 
performed on mature-equivalent and deviation records. 
All available records were included in the analyses for 
the correlation (s) among cows in the same herd and same 
year-season. However, in the analyses for the correlation 
(t) among cows in the same herd but different year-seasons 
and the correlation (w) among cows in the same year-season 
but different herds, one cow's record was selected at 
random from each herd-year-season. By selecting the data 
in this manner (i.e., selecting one record from each herd-
year-season) , the herd component of variance in a between 
and within herd analysis will be expected to contain 
only the differences between herds. Similarly, the year-
season component in a between and within year-season 
analysis will be expected to contain only the differences 
between year-seasons. Tables 7, 8 and 9 present the 
results of these analyses. 
The analyses of mature-equivalent records gave results 
that were expected. Bereskin (1963) estimated the correlation 
among records of cows freshening in a year season at 0.332. 
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Table 7. Analysis of variance - correlation among cows (s) 
in the same herd and year-season 
Mature-equivalent records 
Source of variation d.f, M.S. E(M.S.) 
^hys 
Between herd-year- « ? 
seasons 35,136 182,418.6 af + 4.51 af 
Within herd-year- 2 
seasons 123,119 56,964.2 û 
Total 158,335 
9^ = 56,964.2 
e 
^hys ^ 27,840.6 § = 0.328 + 0.003 
Deviation records 
Source of variation d.f. M.S. E(M.S.) 
Between herd-year- 2 2 
seasons 35,136 57,999.6 + 4.51 
Within herd-year- ~ 
seasons 123,119 63,711.0 
Total 158,335 
Og = 63,711.0 
*hys = ê  =  0 . 0 0 0  
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Table 8. Analysis of variance - correlation among cows (t) 
in the same herd but different year-seasons 
.. -
Mature-equivalent records 
Source of variation d.f. M.S. E(M.S.) 
Between herds 
within herds 
449 
34,687 
1, 542,056.2 
64,844.9 
al + 78.08 
e 
Total 35,136 
64 ,844.9 
18 ,920.4 Î = 0.226 + 0.012 
Deviation records 
Source of variation d.f. M.S. E(M.S.) 
Between herds 449 60,445.2 0^ + 78.08 
e 
Within herds 34,687 62,628.8 
Total 35,136 
62 ,628.8 
0
 
00 CN 1 t = 0.000 
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Table 9, Analysis of variance - correlation among cows (w) 
in the same year-season but in different herds 
Mature-equivalent records 
Source of variation d.f. M.S. E(M.S.) 
2 2 Between year-seasons 95 9 56,296.2 + 365.92 
Within year-seasons 35,041 83,080.5 0% 
Total 35,136 
= 83,080.5 
8^ = 2,386.4 0 = 0.028 + 0.004 
ys — 
Deviation records 
Source of variation d.f. M.S. E(M.S.) 
2 2 
Between year-seasons 95 143,591.7 a + 365.92 a 
e ys 
2 
Within year-seasons 35,041 63,987.9 
Total 35,136 
= 63,987.9 
= 217.5 w = 0.003 + 0.001 
ys -
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He used 33,139 Holstein records from data processed by the 
Iowa D.H.I.A, central processing center from May of 1957 
through September of 1960. This value is very close to 
the correlation of 0,328 obtained in this study. Bereskin 
used fixed seasons in his analysis. In this study five-
month rolling seasons were used, and a season was defined 
as one month for the purposes of the analyses. 
The results of the analyses of deviation records 
indicate that, in these data, deviating records is an 
effective method of removing herd- and year-season effects. 
Only the correlation among cows in the same year-season 
but different herds was above zero, and only slightly so. 
The use of rolling five-month seasons to compute 
herdmate averages and then defining a season as one month 
may include the correlation between herdmates in adjacent 
months in the intra-class correlation. For this reason, 
five separate analyses were tried for each of the environ­
mental correlations in deviation records. Seasons (months) 
were separated by five months in each analysis. The 
results of these analyses were essentially the same as the 
analyses shown where this possibility is not taken into 
account. 
McDaniel and Legates (1965) have shown that when 
deviation records are used in an analysis of variance, the 
expectation of the mean squares are different from those 
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normally obtained. The difference is a function of the 
number of herdmates and the number of daughters for each 
sire represented among the herdmates. They found very 
little difference between the variance components when 
it was assumed that each herdmate was sired by a different 
bull, and when the distribution of the herdmates by sires 
was taken into account. 
A rough form of t!ie correction of McDaniel and Legates 
(1955) v/as attempted in the analyses used to estimate 
environmental correlations. The correction was made 
assuming that each herdmate was by a different sire and 
that all cows had the same number of herdmates. This 
correction had no effect. Admittedly, the assumptions made 
would not adequately correct the expectations for the 
distribution in number of herdmates, but they should 
account for differences due to the average number of herd-
mates. The purpose of the adjustment is to express para­
meters computed from deviation records in terms of what 
the parameters would be expected to be if the analyses were 
performed on non-deviated records. If however, deviation 
records and non-deviated, or mature-equivalent records are 
considered, and used, as separate traits, the correction 
should not be made. 
It is possible that paternal half-sibs that calve in the 
same herd are treated differently than the other cows in the 
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herd. This could bccur if they were all housed together 
in the same area of the barn, or given a little extra care. 
Thus, in addition to being half sibs and being in the same 
herd, the correlation ëimong these half-sibs would be 
higher than expected due to a correlated environmental 
effect. Figure 1 shows this possibility represented in a 
path diagram. The correlation between P, and P, would be 
1 °1 2 
T heififcabilifcy, while chë côrrèlâciOri bètwèen and P, 
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would also include t, the correlation between cows calving 
2 in the same herd, and an additional correlation, p , due 
to environmental conditions common to the pair. 
The sire component in a between and within sire 
analysis would contain the additional herd and common 
half-sib environmental covariance if all of the daughters 
of a sire were in the same herd. In an attempt to evaluate 
this additional correlation, heritability estimates were 
obtained under two conditions. First, only one daughter 
was included from any one herd and secondly, only daughters 
in a single herd were included in analyses of variance. 
The difference between the intra-class correlations should 
measure t + p . By reducing this correlation by t found in 
Table 10 where half-sibs were not considered, an estimate 
of the correlations due to common environmental effects of 
half-sibs over and above common herd effects is obtained. 
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DIFFERENT HERDS: 
rp p 1/4 h' 
SAME HERD 
= 1/4 h + t + p 
Figure 1. Path diagram illustrating the correlation be­
tween half-sibs in the same and different herds 
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The analyses required to obtain the value for are 
shown in Table 10 for mature equivalent records and in 
- . - . . .. 
Table 11 for deviation records. 
The environmental correlation between half-sibs in 
the same herd for mature equivalent milk is 0.335 - 0.104 
= 0.231. The correlation among cows in the same herd is 
0.226. Thus, the difference, or 0.005, is the additional 
correlation among half sibs due to common intra-herd 
environmental effects. For deviation records, the similar 
figure is 0.102. 
The difference between these two estimates may be due 
in part to the manner in which they were estimated. The 
correlations among half-sibs were estimated from first 
lactation records only, while the correlation among cows 
in the same herd was estimated from all records. Due to 
selection, the correlation among cows in the same herd 
would be expected to be higher when all records are considered 
rather than if only first lactations are considered. The 
magnitude of the difference depending on the intensity of 
2 
selection. This wculd make the estimate of p for mature 
equivalent records too low. 
Any errors in age correction factors which would 
either consistently under-correct or over-correct first 
2 lactation production would also have an effect on p . If 
many of a bull's daughters are contemporary in time within 
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Table 10. Analysis of variance - correlation among half-
sibs (p2) in the same herd (mature-equivalent 
.  m i l k )  7 % •  ,  .  
Half-sibs in different herds 
Source of variation d.f, M.S. E(M.S.) 
Between sires 385 105,497.2 Og + 5.30 Og 
Within sires 1,664 65,287.9 a2 
e 
Total 2,049 
= 65.287.9 
e 
el = 7,590.0 t = 0.104 + 0.020 
s 
Half-sibs in the same herd 
Source of variation d.f. M.S. E(M.S.) 
Between sires 385 221,258.0 + 6.55 
e s 
2 Within sires 2,158 51,422.8 
Total 2,543 
0^ = 51,422.8 
e 
Ûg = 25,917.2 t = 0.335 + 0.023 
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Table 11. Analysis of variance - correlation among half-
sibs (p2) in the same herd (deviation records) 
Half-sibs in different herds 
Source of variation d.f. M.S. E(M.S.) 
Between sires 335 73,612.6 + 5.30 
e "l 
Within sires 1,664 51,701.0 
Total 2,049 
= 
e 
51,701.0 
= 4,135.1 t = 0.074 + 0.013 
Half-sibs in the same herd 
Source of variation d.f. M. S. E(M.S.) 
Between sires 386 123,653.3 0^ + 6.55 
e "î 
Within sires 2,158 
2,543 
51,434.3 
0 
51,434.3 
8^ = 11,020.8 t = 0.176 + 0.019 
s — 
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a herd, they will make up a:significant fraction of thé 
first lactations. Thé herdmaté average would contain a 
larger fraction of older cows since paternal half sibs are 
omitted from the herdmate average. The bias due to using 
wrong correction factors would tend to inflate the sire 
component more for the analysis with all records in one 
herd than for the analysis with each record in a different 
herd; The result will be an overestiraation of p ' for 
deviation records, but not for mature equivalent records. 
When paternal half-sibs in different herds are con­
sidered, the number of paternal half-sibs is smaller than 
would be expected for bulls sampled or used in artificial 
breeding. Two possible reasons for this are 1) artificial 
insemination is not widespread in these herds, and/or 
2) the distribution of the herds is such that only a few 
are represented from each area served by an artificial 
breeding association. 
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VI. ESTIMATES OF BREEDING VALUES 
OF SIRES 
Sires that are currently in use, or have been used in 
artificial breeding, whose dam had at least one record in­
cluded in the data were chosen. Information on the progeny 
performance of these bulls was taken from the U.S.D.A., 
D.H.I.A. Sire Summary Lists {1966a, 1966b, 1966c, 1966d 
and 1967). The value used was the "Predicted Difference", 
which is an estimate of half of the sires breeding value. 
Only those sires with five or more daughters were included. 
Pedigrees of each bull were obtained from the Holstein-
Friesian Herd Books. 
Records of each of the nine ancestor groups for each 
sire were then assembled from the totality of the available 
data. A record was accepted if it was started no later 
than five months after the birth of the bull. Thus, all 
the information available when the bull was 15 months old 
was used. A total of 176 sires with varying amounts of 
pedigree information were available from the data. 
Pedigree estimates of breeding value were computed 
for both mature equivalent records and deviation records. 
For each type of record, computations were made using 
environmental correlations and assuming that these correla­
tions were equal to zero. Further, the available pedigree 
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information was used in eleven different combinations. 
These are summarized in Table 12. Index number one was 
computed using all available information. Indexes one 
through four used all available sources on the paternal 
half of the pedigree and decreasing amounts on the maternal 
half. Only paternal half sibs of the bull were used from 
the paternal side of the pedigree in indexes five through 
eight. The màfcernal side û£ the pèdiyrèè was the Only 
source of information for indexes nine through eleven. 
The procedure used to set up the different combinations 
of ancestor information allows some of the indexes to be 
the same for an individual bull. For example indexes one 
and two would be the same if no information was available 
on maternal grand-parents. Also, an index was computed if 
at least one source of information v/as available. Thus, 
if only information on the dam was available, indexes 
four and eight would not be computed and the remainder of 
the indexes would be the same. 
In all, 44 possible estimates of the breeding value of 
each of the 176 bulls could be obtained: two types of 
records, with and without environmental correlations, and 
eleven different combinations of ancestor information. 
In all estimates, the dam's records were excluded from 
both of her parents' progeny groups. Full-sibs were each 
treated as two half-sibs, one paternal and one maternal. All 
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Table 12. Combinations of ancestor's information used in 
estimation of breeding values of bulls 
Index 
number PHS 
^•1 
Dam 
"2 
MHS 
"3 
PCS 
prog, 
-M 
PGD 
PGD 
prog. 
"6 
: : MGS 
prog. 
"7 
MGD 
^8 
MGD 
procr 
1 X X X X X X X X X 
2 X >: X X X X 
3 X X X X 
4 X X X X 
5 X X X X X X 
6 V X 
7 V V 
8 X 
9 X X X X X 
10 X X 
11 X 
available production information on dams and grandams were 
used, but progeny averages were obtained using only the 
first available record of each daughter. 
The estimates of heritability, repeatability, and 
environmental correlations found in the proceeding section 
were used to obtain pedigree estimates of breeding value. 
These are summarized in Table 13. 
Averages of the indexes and correlations between 
breeding value and index for all bulls are presented in 
Table 14. Also included are the number of bulls indexed 
for each different combination of pedigree information. 
Including environmental correlations in the selection 
index lowered the correlation between the index and the 
breeding value of the bull for both mature equivalent 
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Table 13. Genetic and environmental correlations used in the 
estimation of breeding values 
Mature-equivalent Deviation 
Correlation r = 0^ 
e 
fe = 
o
 
II 
^e = + 
h2 0.338 0.338 0.358 0.358 
r 0.622 0.622 0.501 0.501 
s - 0.328 - 0,000 
t — 0.226 - 0.000 
w - 0.028 - 0,003 
p' - 0 . 005 - 0.102 
^Environmental correlations assumed to be zero. 
^Computed environmental correlations. 
Table 14. Average breeding value and r^^ estimates 
Mature-equivalent records Deviation records 
Number _a ,b 0 
Index of 0 + ^e = 
number bulls Index 
^GI Index ^GI Index ^GI Index ^GI 
1 176 1146.7 0.414 616.0 0.343 68.8 0 .425 60.5 0.399 
2 172 953.0 0.400 586.1 0.332 63.7 0.411 57.0 0.387 
3 172 918.9 0.393 585.1 0.330 65.2 0.407 58.3 0.383 
4 170 720.0 0.309 448.4 0.246 32.0 G .313 25.0 0.283 
5 168 1028.3 0.407 538.9 0.338 64.7 0.419 56.2 0.391 
6 155 870.0 0.408 533.5 0.339 62.7 0 .422 55.4 0.395 
7 154 836.7 0.404 536.0 0.339 64.7 0.419 57.3 0.392 
8 125 746.7 0.347 447.7 0 . 271 33.5 0 .362 24.4 0.320 
9 150 529.4 0.295 301.3 0.274 44.5 0.308 42.7 0.302 
10 106 391.6 0.329 339.3 0.319 52.1 0,350 52.3 0.349 
11 104 342.8 0.321 342.8 0.321 55.5 0.345 55.5 0.345 
^Environmental correlations assumed to be zero. 
^Environmental correlations included in index. 
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milk and deviation milk. The effect is not as severe for 
deviation milk as it is for mature equivalent milk. This 
is because deviating records from their herd-year-séason 
subclass mean was effective in removing the effects of 
that subclass. The environmental correlations applied to 
deviation records were therefore small or zero. The 
correlations were lower for mature-equivalent records than 
for deviation records. This is due to the difference in 
the estimated values of heritability and repeatability for 
the two types of records. 
Environmental correlations have no effect on the 
estimated of breeding value based on dam's records alone. 
Since only one relative class is present covariance terms 
are not applicable. It was assumed that a cow makes all 
her records in one herd, and thus repeatability is defined 
on a within-herd basis, and would include the herd component 
in the estimate. 
Product-moment correlations were computed between 
the different indexes based on the same amount of information. 
That is, the number of records and their distribution 
within the relative classes were the same for mature-
equivalent records and deviation-records; for mature-
equivalent records with and without environmental correlations 
etc. These are presented in Table 15. Indexes computed using 
deviation records with and without environmental correlations 
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Table 15, , Correlations between estimates of breeding value 
based on the same amount of information 
Index 
:ME*.,r.^=0" 
e 
ME r - =+ 
e 
:
o
 
II 
, 
No. ME r -+ 
e 
D\r r =0 
e 
DV r^=+ DV r^=0 DV r„=+ 
e 
DV r -+ 
e 
1 0.70 0.42 0,41 0.32 0.34 0.98 
2 0.77 0.48 0,47 0.38 0.42 0,98 
3 0.78 0.49 0,48 0.40 0.44 0,98 
4 0.81 0.42 0,39 0.23 0.27 0.97 
5 0,72 0.40 0.37 0.32 0.33 0.99 
6 0.77 0.42 0.40 0,35 0.39 0,98 
7 0.77 0.43 0.41 0.37 0.40 0.98 
3 0.75 0.38 0.36 0.22 0.29 0.98 
9 0.54 0.40 0.39 0.45 0.47 0.99 
10 0.86 0.62 0.63 0 . 76 0,77 0,99 
11 1.00 0,73 0.78 0.78 0,78 1,00 
^ME - mature-equivalent records. 
^DV - deviation records* 
were more highly correlated than the similar case of  indexes 
computed using mature-equivalent records. This is as ex­
pected since environmental correlations were low in 
deviated records. Correlations between indexes based on 
mature-equivalent records and indexes based on deviation 
records were low. This is true regardless of whether or 
not environmental correlations were taken into account. 
Only in the cases of indexes based on dam's records alone, 
or based primarily on dam's records, are correlations between 
mature-equivalent and deviation indexes very high. This is 
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a consequence of environmental correlations having little 
or no effect in such cases, 
Barr (1962), using Canadian Record of Performance 
data, used pedigree information to estimate breeding 
values of bulls. His data contained more complete pedigree 
information than used in this study. He obtained an 
average r^^ of about 0,55 which he concluded was the 
equivalent of about eight daughters of the bull himself. 
The average values of r^^ obtained in this study for 
complete pedigree information would be equivalent to two 
or three daughters of the bull. 
Correlations were also computed between the estimates 
of breeding value obtained in this study and estimated of 
breeding value based on progeny performance (Predicted 
Difference) as reported by the U,S.D,A, These are presented 
in Table 16 for mature-equivalent records and in Table 17 for 
deviation records. Two types of correlations are presented 
in each table. The product-moment correlation is a measure 
of the degree or intensity of association of the two indexes. 
The rank correlation is a measure of the similarity in the 
way the two indexes rank the bulls. 
The most obvious conclusion from Table 16 is that there is 
little or no resemblance between the indexes based on pedigree 
evaluation and those based on progeny performance. Almost all 
of the correlations are near zero. However, the indexes based 
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Table 16. Correlations between estimated breeding values 
and the Predicted Difference of bulls in 
artificial breeding (mature-equivalent records) 
Index _a b 
number r s r ^s 
1 0.06 0.06 -0.07 -0.07 
2 0.03 0.02 -0.04 -0.04 
3 0.03 0.02 -0.04 -0.04 
4 -0.03 -0.03 -0.09 -0.09 
5 0.04 0.04 -0.06 -0.04 
6 0.03 0.03 0.00 0.02 
7 0.01 0.02 -0.01 -0.00 
8 -0.03 -0.03 -0.09 -0.08 
9 0.22 0.22 0.11 0.12 
10 0.09 0.09 0.18 0.15 
11 0.19 0.14 0.19 0.14 
^Product-moment correlation coefficient 
^Spearman's rank correlation coefficient. 
Table 17, Correlations between estimated breeding values 
and the Predicted Difference of bulls in artificial 
breeding (deviation records) 
Index 
number 
0 fe = + 
r* r 
^s 
1 0.24 0.15 0.24 0.15 
2 0.25 0.19 0.25 0.19 
3 0.25 0.19 0.24 0.20 
4 0.07 0.04 0.05 -0.01 
5 0.28 0.22 0.29 0.23 
6 0.31 0.28 0.32 0.30 
7 0.30 0.27 0.31 0.29 
8 0.14 0.16 0.15 0.14 
9 0.28 0.22 0.28 0.21 
10 0.31 0.29 0.31 0.29 
11 0.30 0.30 0.30 0.30 
^Product-moment correlation coefficient. 
^Spearman's rank correlation coefficient. 
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on the maternal side of the pedigree alone are somewhat 
higher. When only the paternal half of the pedigree is 
used, (estimates 4 and 3) the correlations arc slightly 
negative. 
These results indicate that there is a negative 
correlation between the paternal and maternal sides of 
the pedigree. The negative correlation would most probably 
exist between the dam and sire. This laay occur if negative 
assortitive rûatir] "/as coianon in t^ose Although this 
type of breeding system would seem unlikely for milk 
production, per se, it may be practiced on traits correlated 
with milk production. Thus, some increase in milk yield 
would be sacrificed to raise a low test, or to correct 
a structural defect. 
If a negative environmental correlation between the 
paternal and maternal ancestors exists, this may also give 
the same result. Such a situation could occur if the dam 
was given special treatment and the paternal ancestors were 
either in the same herd and not given this special 
environment or in different herds and given only average 
treatment. 
The correlations in Table 17 do not show the same 
magnitude of differences in the correlations, although 
some evidence for it still exists. Indexes computed with 
deviation records result in higher correlations between 
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the index and progeny performance, although they are 
still far from accurate. 
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VII. EXPECTED GENETIC GAIN 
Four methods of sire selection were evaluated to determine 
the expected genetic gain in differing population sizes from 
each of them. The methods were; 
A, The complete stud is replaced each year. The new 
young bulls being sired by bulls in the study two 
years earlier. The dams of the now bulls are first 
calf heifers selected on the basis of their dam's 
records. This plan was devised to reduce the 
generation interval of bulls to a minimum, which 
would be approximately 2.5 years. 
B. This plan is similar to Plan A except that the sires 
of the new bulls are bulls that were in the stud 6 
years earlier, and thus would be progeny tested. 
The dams are selected on the basis of their first 
record. No bulls are kept in the active study for 
more than one year, but their semen is saved to 
breed to selected cows to produce new bulls to enter 
the stud. The generation interval for bulls in this 
plan would be just over 2.5 years. The only 
difference in male generation intervals between plan 
A and plan B is that sires of bulls to be used in the 
stud are by six year old bulls rather than two year 
old bulls. In Plan B the generation interval changes 
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with changes in population sizes and number of bulls 
needed. 
C. Naturally proven bulls are purchased and enter the 
stud as active bulls. Only enough new bulls are 
purchased to maintain the stud population. The 
generation interval for males in this plan would be 
about 8.5 years. 
D. Young bulls are purchased on the basis of pedigree 
evaluation. Rather than selecting sires and cows 
for special mating, it was assumed that all 
available young bulls in the population were in­
cluded and selected on the basis of the index. 
They are brought into a sample stud and used for one 
year to obtain a progeny test. They are then 
selected on the basis of this progeny test and the 
survivors enter the active stud. The generation 
interval for this plan would be 2.5 years for young 
bulls and about 8.5 years for progeny tested bulls. 
This is the plan currently recommended and in use by 
many bull studs. 
VanVleck (1964) gives the basic operational parameters 
of artificial breeding organizations. They are; 1) the 
population size (total number of first services required per 
year); 2) the testing situation (fraction of first services 
resulting in production tested daughters); 3) the usage 
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rate (number of sires maintained or the number of services 
per sire); and 4) the mortality rate (number of sires that 
must be replaced each year. If a young sire testing program 
is used, other factors must also be considered. How many 
young sires should be tested per year? What fraction of 
first services should be made to young sires? How many 
first services per young sires should bo made? 
For the purposes of this study, these operational 
parameters were defined or allowed to vary as follows: 1) 
population size took the values of 1000, 5000, 20,000, 
100,000, and 300,000; 2) the fraction of first services 
resulting in production tested daughters was fixed at three 
percent for all population sizes (fraction of the population 
tested = .15, times fraction of first service resulting in 
calf = .65, times fraction of calves which are heifers = ,50, 
times fraction of heifer calves that make at least one 
record = .60) ; 3) the number of first services per bull 
varied and took the values of 1000, 5000, and 15,000; 4) 
the mortality of bulls in the active stud was set at 25 
percent per year. An additional mortality rate of 20 percent 
was used for bulls purchased but not yet in the active stud. 
This mortality does not include intentional selection on 
merit, but would include losses due to sterility, death, etc. 
In Plan C, it v;as assumed that each herd could progeny 
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test one bull per year within their own herd. It was further 
assumed that ten percent of these bulls would be alive when 
their progeny test information was available. For Plan D, 
where progeny testing was practiced under artificial 
breeding conditions, the number of tested daughters per 
young bull was set at 5, 15, 30, 50 and 90. In all plans, it 
was assumed that one third of the cows in the tested population 
would supply a USedble bull qàlr. 
The average genetic superiority of a selected group 
over the population from which it was selected is: 
= "gi'G 
where i is the selection differential in standard deviation 
units, 
r^j is the correlation between true breeding value and 
breeding value as estimated by the criterion of selection, 
and 
OQ is the standard deviation of breeding values. 
The annual improvement from selection is a more desirable 
measure of achievement in that it allows direct comparison 
of selection schemes which differ in length of generation 
time, Thus, 
AG = AS/T 
where T is the generation interval or average number of years 
between generations. 
Dickerson and Hazel (1944) have shown that annual genetic 
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improvement from two selections, both practiced in one sex 
and the second practiced on the survivors of the first is 
KlASl + KzlASi+aS;) * + AD,) 
Ni?! + NjYj + M^Zi + MjZ^ 
where AS^ is the average genetic superiority of the sires 
retained in the first selection, 
ASg is the additional genetic superiority from 
selection of sires retained from the first 
selection, 
is the proportion of the offspring produced by 
the survivors of the first selection, 
Ng is the proportion of the offspring produced by 
the survivors of both selections, 
is the average age of the survivors of the first 
culling when their offspring are born, 
Yg is the average age of the survivors of both 
cullings when their subsequent offspring are 
born, and 
AD^, ADg, Mg, and Zg have corresponding 
meanings for dams. 
For this study AD^^ and AD^ were both assumed to be equal 
to zero. That is, it was assumed there was no selection 
practiced in the cow population. + MgZg was set equal to 
4.75, or the average age at calving of all cows in the data 
studied. 
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A S i n  E q u a t i o n  6  m a y  b e  c o m p u t e d  d i r e c t l y  f r o m  
Equation 5. ASg, however, is: 
where is the standard deviation of breeding values among 
the group saved in the first culling, 
ig is the standardized selection differential for the 
second culling, and 
T _ is the multiple correlation of breeding value 
^*1-^2 
with the criterion of selection for first and 
second culling among animals retained in the 
first culling. 
/ i 2 2 is equal to 1-r (1-0^) where is the 
1 
fraction of the original variance of that remains in 
the selected group. 
R' . T is equal to: 
^••^1-^2 
The correlation between breeding value and among those 
selected in the first culling (r^^ ) is; 
1, 2 R' 
1 
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and the correlation between breeding value and Ig among 
For an example of the use of these formulae,let the 
first selection be based on pedigree information \vith an 
percent of available young bulls. The sec.'^d selection, 
based on a progeny test of ten daughters, each with one 
record, is made from those selected on pedigree information. 
Assume that the top 30 percent are saved in the seconi 
selection. The r^^ for the progeny test is 0.704 (assuming 
heritability is equal to 0.353). If 20 percent of the cow 
population is bred to young bulls (i.e., those selected 
on pedigree alone), then 30 percent will be bred to progeny 
tested bulls. The average age of the young bulls would be 
2.5 years when their calves are born. The similar figure 
for progeny tested bulls would be a'l'Out eight years. The 
generation interval for females is 4.75 years and it is 
assumed that there is no selection practiced on the cows. 
Using the above information and the formulae presented 
earlier, the following results are obtained; 
of 0.5, and selechion is made from the top two 
AS^ = (2.4209) (0.5) Og = 1.2104 
ASg = (1.1590) (0.6670) (0.3820) Oç, = 0.6826 o^, 
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and G per generation is equal to 
: rO.2(1.2104) +0.8(1.2104 +0.6826),_ _ „ _ 
0.2(2.5) + 0.8(8) + 4.75 
If the standard deviation of breeding values (a^) is 
1413 pounds of milk and the population average is 13219 
pounds of milk, this hypothetical selection would be 
expected to result in a gain of 213 pounds per year, or 
1.51 percent of the mean. 
The expected genetic progress from each of the four 
plans is presented in Table 18. Gain is expressed as a 
percentage of the population average, which was 13,219 
pounds of milk. The value used for the standard deviation 
of breeding value was 1413. This was computed as the 
square root of four times the sire component of variance 
for deviation records from Table 5. 
Expected genetic gain from plan C, or the use of 
naturally proven bulls, is the lov^st of all plans in all 
population sizes and all usage rates. This is due to the 
long generation interval, 8.4 years, and the small number 
of bulls available to select from. 
Plan A, designed to minimize the generation interval, 
results in greater gain than use of naturally proven bulls in 
all population sizes. However, the gain from this plan never 
equals the gain from plan B, or the gain from progeny testing, 
plan C. 
Table 18. Expected genetic progress 
Popula- First 
tion services 
size per bull 
Fraction 
selected 
Plan A Plan B 
1.00 0.36 0.43 
0.50 0.36 0.44 
0.20 0.36 0.49 
0.10 0.39 -
0.05 - -
0.01 — -
1.00 0.55 0.92 
0.50 0.86 1.15 
0.20 1.00 1.17 
0.10 1.03 -
0.05 - -
0.01 - -
1.00 0.70 1.22 
0.50 1.05 1.57 
0.20 1.27 1.92 
0.10 1.35 1.72 
0.05 1.39 1.69 
0.01 — -
1.00 0.55 0.95 
0.50 0.86 1.20 
0.20 1.00 1.22 
0.10 1.03 -
0.05 - -
0.01 — -
1.00 0.75 1.40 
0.50 1.08 1.68 
0.20 1.27 1.80 
0.10 1.36 1.80 
0.05 1.39 1.77 
0.01 - -
1,000 1,000 
5,000 1,000 
5,000 
20,000 1,000 
5,000 
Plan D 
No. of daughters per young bull 
Plan C 5 15 30 60 90 
1.00 
0.97 
0.41 1.49 1-35 1.19 0.95 
0.67 1.49 1.35 1.19 0.95 
0.41 
— 
— 
— 
.  
1.36 1. 32 1. 31 
1.41 - -
1.35 
— 
— 
  
1.36 1. 32 1. 31 
1.28 - -
1.29 
1.51 1. 43 1. 31 
1.51 1. 48 1. 46 
1.41 1. 52 1. 64 
1.35 1. 67 -
1.39 — 
1.56 1. 54 1. 51 
1.56 1. 55 1, 54 
1.56 1. 60 1. ,69 
1.58 1. 65 -
1.49 - -
0.61 1.19 1.15 
1.45 1.47 
0.94 1.45 1.40 
0.82 . 1.52 1.51 
0.61 
Table 18 (Continued) 
Popula- First 
tion services Fraction 
size per bull selected a Plan B 
15,000 
100,000 1,000 
5,000 
15,000 
1.00 0.82 1.52 
0.50 1.16 1.86 
0.20 1.36 1.9« 
0.10 1.45 2.01 
0.05 1.51 1.99 
0.01 1.55 — 
1.00 0.55 0.96 
0.50 0.86 1.21 
0.20 1.00 1.23 
0.10 1.03 -
0.05 - — 
0.01 — — 
1.00 0.76 1.41 
0.50 1.08 1.70 
0.20 1.27 1.81 
0.10 1.35 1.81 
0.05 1.39 1.78 
0.01 — — 
1.00 0.85 1.65 
0.50 1.20 1.96 
0.20 1.40 2.09 
0.10 1.50 2.12 
0.05 1.56 2.11 
0.01 1.61 -
Plan D ' -
No. of daughters per young bull 
Plan C 5 15 30 60 90 
0.94 1.56 1.54 1.51 1.45 1.26 
0.82 1.56 1.55 1.54 1.49 1.47 
0.61 1.56 1.60 1.69 
1.57 1.65 - -
- 1.41 - — — -
0.59 1.52 1.44 1.35 1.25 1.19 
— 1.52 1.45 1.48 1.48 1.46 
— 1.41 1.51 1.69 1.76 1.81 
— 1.35 1.65 1.87 2.02 2.08 
- 1.40 1.81 2.02 2.20 
— 1.64 — — — — -,  
1.00 1.56 1.54 1.51 1.45 1.40 
0.81 1.56 1.55 1.54 1.52 1.50 
0.59 1.56 1.59 1.64 1.71 1.74 
- 1.50 1.68 1.30 1.85 1.96 
- 1.49 1.71 1.90 2.20 : -
— 1.56 - — — 
-
1.07 1.57 1.56 1.55 1.52 1.50 
0.97 1.57 1.56 1.56 1.55 1.54 
0.81 1.57 1.58 1.60 1.65 1.70 
0.66 1.57 1.62 1.70 1.85 1.81 
- 1.60 1.71 1.90 1.96 -
- 1.53 - - — — 
Table 18 (Continued) 
Popula- First Fraction Plan D 
tion services No. of daughters per yovmq bull 
size per bull ^exectea pi^n a Plan B Plan C ~ ^  , ^ —— 
1 5 15 30 60 90 
300,000 1,000 1.00 0.55 0.96 0.59 1.52 1.44 1.32 1.20 1.19 
0.50 0.86 1.21 - 1.52 1.48 1.47 1.47 1.48 
0.20 1.00 1.23 - 1.41 1.51 1.71 1.77 1.80 
0.10 1.03 - - 1.35 1.58 1.88 1.99 2.04 
0.05 - - - 1.40 1.77 2.08 2.20 2.23 
0.01 - - - 1.60 2.15 2.35 
5,000 1.00 0.76 1.42 0.93 1.56 1.54 1.51 1.46 1.42 
0.50 1.08 1.71 0.81 1.56 1.55 1.54 1.53 1.52 
0.20 1.27 1.81 0.59 1.56 1.59 1.64 1.70 1.75 
0.10 1.35 1.81 - 1.57 1.68 1.76 1.88 1.96 
0.05 1.39 1.78 - 1.48 1.79 1.95 2.13 2.23 
0.01 - - - 1.56 2.05 2.35 - -
15,000 1.00 0.86 1.67 1.09 1.57 1.56 1.55 1.53 1.51 
0.50 1.21 1.98 0.99 1.57 1.56 1.56 1.55 1.55 
0.20 1.45 2.11 0.84 1.57 1.58 1.60 1.64 1.68 
0.10 1.51 2.14 0.70 1.57 1.62 1.68 1.77 1.86 
0.05 1.57 2.13 0.48 1.59 1.69 1.81 1.96 2.12 
0.01 1.62 - - 1.51 1.98 2.35 - -
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With a total population size of 1000, which is 
approximately the situation for some artificial breeding 
organizations in breeds other than HoIstein, progeny testing 
results in nearly double the gain from that which can be 
achieved with other plans. In populations of size 5000, on 
the other hand, the use of young bulls (Plan B) results in 
more gain than can be achieved by progeny testing if the 
SèrVicèâ péif bull là ai: ôr nêâr ïïiâxirfiUm, When SêrViCêS pèt 
bull are low progeny testing is more advantageous. 
If the number of first services per year is about 
20,000 and the usage rate is low, progeny testing results 
in a faster rate of genetic gain than any other plan. If, 
however the usage rate is near average (5000) the use of 
young bulls has a slight advantage. When the usage rate 
is near maximum (15,000) maximum gain from the use of 
young bulls exceeds the maximum gain from progeny testing 
by about 0.3 percent of the mean per year. 
In populations of 100,000 first services per year 
progeny testing is at a disadvantage only when the usage 
rate is at or near maximum. When the population is large 
(300,000 first services per year) a progeny testing scheme, 
such as envisioned here, results in more rapid genetic gain 
than any other plan. This is true for all usage rates, 
but requires that progeny testing be used extensively. At 
selection intensities normally used in artificial breeding, 
genetic gain from Plan B exceeds that of Plan D. 
81 
Thé cost of these programs have not been considered in 
this study. Although the use of young untested bulls as 
in Plan B can, under some situations, result in greater 
genetic than progeny testing, the cost of replacing the 
entire stud every year would be enormous. This is 
particularly true in the larger population sizes. Also, 
the acceptability of the different programs was not taken 
into account. It is doubtful that an artificial breeding 
organization could "sell" its members, or users, on 
continued use of young untested bulls as the only sires 
available to them. 
Each artificial breeding organization must take into 
account all of the factors applicable to its own operation 
and decide which plan, or combination of plans, will most 
adequately serve its own needs. Since no two organizations 
will have identical situations, no two will adopt the 
same plan. But each should be aware of the alternatives 
available to them. 
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VIII. SUIiZ'ARY 
This study v/as undertaken to evaluate the effects of 
environmental correlations among the records of the ancestors 
of bulls used in artificial breeding and using this infor­
mation to evaluate alternative sire selection plans. The 
data were obtained from the Holstein-Friesian Association of 
America and consisted of 15C,33G lactations of 52,389 
registered Holstein cov/s. These records v/ere distributed 
over 450 herds in 33 states and included records started 
in liarch 1952 through April 1961. 
Formulae for the variances and covariances of means of 
records and progeny means were developed which included the 
effects of distribution of records in both herds and year-
seasons. Selection index procedures were used to estimate the 
breeding values of bulls based on ancestor information. 
Estimates of heritability and their standard errors 
were 0.333 + 0.108 and 0.358 + 0.108 for first lactation 
mature-equivalent milk and deviation milk, respectively. 
Repeatabilities, or the correlation between first and second 
lactations of the same cow, were estimated as 0.622 + 0.004 
for mature-equivalent milk and 0.501 + 0.005 for deviation 
milk. 
The environmental correlation(s) among cows in the same 
herd and year-season was estimated to be 0.328 + 0.003 for 
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mature-equivalent records. For mature-equivalent records 
made in the same herd, but different year seasons, the 
environmental correlation (t) was estimated at 0.226 +0.012. 
When deviation records were used, both of these correlations 
were zero. Environmental correlations (w) among cows in the 
same year-season, but in different herds, were also esti­
mated. Those ware 0.028 + 0.004 and 0.003 + 0.001 for 
iiiafcure-equivalent and deviation milk, respectively. 
2 
An additional environmental correlation (p ) was 
estimated for each type of record. This correlation is a 
measure of common environment that half-sibs in the same herd 
experience, over and above the correlation due to a common 
sire and common herd effects. Estimates of 0.005 and 
0.102 were found for mature-equivalent and deviation records, 
respectively. 
Estimates of the breeding values of 176 bulls were 
made. Information from the bull's dam, his paternal and 
maternal half-sibs, his grandams and the paternal and 
maternal half-sibs of his sire anc' dam was used. Including 
environmental correlations in the selection index lowered 
the correlation between the index and the breeding value of 
the bull. The correlations for mature-equivalent milk 
averaged 0,414 when environmental correlations were ignored 
and 0.343 when environmental correlations were included in the 
index. Similar figures for deviation milk were 0.425 and 
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0.399. These values indicate that the available pedigree 
information would be equivalent to two or three daughters of 
the bull. 
Correlations between the indexes and the actual per-
foirmance of bulls in artificial breeding were near zero 
for mature-equivalent milk based indexes. The indexes 
based on deviation records were more highly correlated 
with actual performance; the correlations being about 0,25. 
Rank correlations were also computed. There were just 
slightly smaller than the product-moment correlations, but 
followed the same pattern. 
Expected genetic gain was evaluated for four methods 
of sire selection. These plans were 1) the use of young 
untested sires replaced each year, 2) -^he use of young 
untested bulls sired by progeny tested bulls. 3) the use 
of naturally proven bulls, and 4) the use of pedigree 
selection and progeny testing. Each method was evaluated 
in differing population sizes, differing usage rates, and 
differing intensities of selection. 
The use of young untested bulls sired by progeny tested 
bulls resulted in more rapid genetic gain than progeny 
testing in small populations, i.e., between 5,000 and 20,000, 
when usage rates were high. Progeny testing resulted in 
more rapid gain in large population, and in all populations 
when usage rate was low. 
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